for all receptor subtypes 3 , whereas PP binds with very high affinity and selectivity to the Y4 receptor. 4 Little structural information is available for GPCRs. In fact, bovine rhodopsin for a long time was the only GPCR for which experimental coordinates at atomic resolution have been published 5 until very recently a structure for the b-adrenergic receptor appeared. 6; 7 The data of rhodopsin confirmed the arrangement of the 7 transmembrane (TM) bundle postulated based on the lower-resolution cryo-EM data 8 , but also revealed the non-anticipated presence of a short anti-parallel beta-sheet in the N-terminal domain. In contrast, the N-terminal domain of the b-adrenergic receptor was shown to be disordered. 6 The N-terminal domains of other GPCRs (sub)families are known to play important roles in ligand binding. All the hormone receptors from GPCR family 2 contain a conserved region in the N-terminal domain, which is responsible for ligand binding. 9 The N termini from family 3 GPCRs are the largest among all GPCRs, comprising usually more than 500 amino acids. 9 Grafting and mutagenesis studies have demonstrated conserved serine and threonine residues in these domains are directly involved in ligand binding. 10 Surprisingly, the expressed N terminus alone can bind the ligand with affinity similar to the one from the full-length receptor.
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In contrast, the N-terminal domains from family 1 GPCRs have received little attention, most likely because of their short length, usually less than 70 amino acids.
However, recent studies have suggested a pivotal role of N termini from GPCRs of this class in ligand recognition and binding 12; 13; 14 . Furthermore, mutagenesis data highlight the prominent role of charged residues for ligand binding 15; 16 . Koller demonstrated that the N terminus of the calcitonin-like receptor is not only essential for binding to the ligands but also presents a determinant for ligand specificity. 17 The 35 amino-terminal residues of CCR2, expressed as a membrane-bound fusion protein, bind to its ligand with an affinity similar to that of the intact, wild-type receptor,
indicating that the N terminus is sufficient for ligand binding in that case. 18 Based on the mutagenesis data on the N terminus of CX3C receptor and previous studies, Chen has proposed a two-step binding model, which comprises ligand binding followed by receptor activation. Therein, the residues located in the N-terminal domain play distinct roles during the different processes 19 .
Complementary to the biological work described above GPCR fragments have been also studied using NMR. For example, Pervushin investigated the N-terminal domain of bacteriorhodopsin, a protein that is structurally highly related to GPCRs, in SDS micelles 20 , and Ulfers studied the extracellular domain of the neurokinin-1 receptor in DPC micelles 21 . Riek presented a high-quality 3D NMR structure of the extracellular domain of CRF-R2β in complex with the peptide antagonist astressin 22 .
The group of Yeagle has determined conformational preferences for peptides corresponding to the cytosolic loops 23 , the 6 th TM helix 24 In this work we focus on structural studies of the isolated 41 residue N terminus of the Y4 receptor, a family 1b GPCR that is targeted by members of the NPY family.
The location of this segment in the context of the entire human Y4 receptor is shown in snake plot in Fig. S1 (see Supp. Mat.). In addition, we investigate possible interactions with the hormones both qualitatively and quantitatively. By limiting the system of the study to just the N-terminal domain and with the help of various biophysical methods we were able to develop a rather detailed picture, that would presently be difficult to achieve using the entire receptor. Moreover, we report on the synthesis of the difficult to express N-terminal domain suggesting a generally useful method to produce these polypeptides in isotopically-labelled form. The structure of N-Y4 and its topology in the presence of DPC or SDS micelles was elucidated by high-resolution NMR techniques. While unstructured in solution, in the presence of micelles a hydrophobic segment associates with the micelle and folds into a a-helix.
Chemical shift mapping revealed potential interaction sites between PP and N-Y4.
SPR techniques quantified the strength of this interaction. Mutagenesis studies identified residues of PP that are likely to be important for binding N-Y4. The data indicate that the isolated N-Y4 is capable of weakly binding to PP, and that much of the binding affinity is due to electrostatic interactions. To simulate the receptor milieu the carboxyl terminus of N-Y4 was additionally conjugated to a C12 fatty amino alcohol (dodecylphospho-ethanolamine) chain thereby mimicking its conjugation to the first TM helix in the entire receptor. In this lipopeptide the structure of the N-Y4
was not significantly affected. The study shows that PP associates to the flexible, central segment of N-Y4 and we speculate that transient binding to the N-terminal domain may facilitate transferring PP from the membrane-bound state into the receptor binding pocket.
Results

Recombinant Production of N-Y4
The N terminus of the Y4 receptor comprises 41 residues and is highly watersoluble. However, attempts to express it in form of a soluble ubiquitin fusion in E.
coli resulted in unspecific fragmentation. To circumvent this problem, the N-Y4 was expressed as a fusion to the highly insoluble protein ketosteroidisomerase (KSI), which resulted in accumulation of the fusion protein in inclusion bodies. A TEV protease cleavage site was introduced to facilitate removal of the fusion partner.
29; 30
The sequence recognized by the TEV protease is ENLYFQ with Q as the P1' residue.
To achieve the natural peptide sequence after cleavage, the P1' residue was replaced with the first residue from the target sequence (here it is Met) 31 , and an additional GSGSGS linker was inserted to prevent steric hindrance during cleavage.
A problem of the chosen strategy was that the fusion protein must be solubilized in detergent that is compatible with the active protease. After extensive detergent screening, we observed that the ionic detergent sarcosyl solubilizes the fusion protein while preserving TEV protease activity to some extent. As shown in 
The Structure of N-Y4
Although the size of the N-terminal domain is rather small, reduced chemical shift dispersion due to the fact that the peptide in water is largely unstructured complicated its analysis. Nevertheless, using 3D 15 N-resolved NOESY and TOCSY spectra it was possible to assign the 15 N, 1 H-correlation map. Furthermore, no NOE crosspeaks between amide protons could be detected. Recording a second set of 2D and 3D spectra in the presence of DPC micelles resulted in large chemical shift changes in some parts of the sequence (see Fig.2 ). Moreover, sequential NOEs between amide protons as well as Ha Hb (i,i+3) contacts usually only observed in helices were seen (see Supp. Mat.). A structure calculation using restraints derived from the NOESY spectra revealed the presence of a helical stretch encompassing residues 5 to 10 (shown in Fig.3 ).
To verify formation of stable secondary structure 15 sequential amide proton contacts in that region for almost all residues, but the corresponding Ha Hb (i,i+3) contacts were generally missing. When comparing chemical shifts of amide protons in the two environments the largest differences were observed in that segment that obviously becomes structured in the presence of the micelle, indicating the presence of a nascent helix in that part. To conclude, the N terminus is largely unstructured in the absence of a membrane whereas a short helical stretch comprising a hydrophobic segment in the N terminus of the sequence is formed in presence of DPC micelles. 
Topology of Membrane-Association
The proximity of protons of the N-terminal domain to the micelle surface was probed by using micelle-integrating spin labels. The paramagnetic moiety of 5-doxyl stearic acid was shown to reside in the headgroup region 32 
Immobilizing the N Terminus on the Membrane
In the native Y4 receptor the segment that has been studied in this work is connected to the first TM helix. In order to address whether anchoring of N-Y4 at its C-terminal end to the membrane influences the structure or the binding properties of the N-terminal domain a lipopeptide was chemically synthesized, in which receptor residues 1-41 were covalently linked at their C-terminus to dodecylethanolamine to provide stable anchoring of the lipopeptide in the micelles. The lipopeptide was prepared using standard amino-acid coupling chemistry, purified, and could be tightly integrated into the DPC micelles. A superposition of the NOESY spectra of N-Y4 and the lipopeptide in the presence of DPC micelles revealed that chemical shift differences are exclusively observed in vicinity of the lipid attachment site. Moreover, cross peaks between amide protons occur at identical positions, indicating that the secondary structure of both the peptides is highly similar. To conclude, anchoring of N-Y4 onto the micelle does not influence its secondary structure, which more likely is determined by partitioning of residues of the hydrophobic Leu-rich segment into the membrane. As evident from Fig. 3 the carboxyl terminal segment of N-Y4 possesses high flexibility both in the presence and in the absence of DPC micelles. Whether this will also be true when the C-terminus is linked to the first TM helix is presently under investigation.
Interaction between N-Y4 and Neuropeptides from the NPY Family
Possible interactions between peptides from the NPY family and N-Y4 were interaction studies (see Fig. 5 ). Large changes in the PP/N-Y4 system occurred close to positions that were later on shown to be sensitive to replacement by Ala residues (vide infra). In addition, the shift changes involving PYY and NPY are generally much smaller compared to those with PP (data not shown). The strength of the interaction of PP with N-Y4 was quantified by SPR in absence of detergent. Therein, the N-terminally biotinylated neuropeptides were immobilized on a Streptavidin-coated chip, and the cells were flushed with solutions of N-Y4 (see Fig. 6 ). The K D derived from both kinetic and steady-state analysis was 50 mM for bPP, whereas binding affinity for NPY and PYY was too low to be measured with this technique (> 1mM). NPY and PYY possess 80% sequence identity between each other 35 , while PP only shares about 50% homology to each of them. All these neuropeptides display a remarkable separation of charges along the sequence: The positively charged residues occur in the C-terminal half of PP from almost all organisms sequenced so far (see Table 1 ). In order to identify residues that may contribute significantly to the different pharmacological profiles of NPY/PYY and PP at the Y4 receptor we have aligned the sequences. Particular attention was paid to charged or aromatic residues that are known to be generally involved in GPCR-ligand interactions. The N termini of all Y receptor subtypes are generally negatively charged with the exception of N-Y4 that contains a net positive charge (see Table 1 ). Considering the high number of positive charges in N-Y4 and negative charges in the N-terminal half of bPP electrostatic interactions are likely to be responsible for binding, and such forces are also expected to result in the observed rather weak binding affinities. As depicted in Table 1 common acidic residues in PP, NPY and PYY are located at positions 6, 10 and 15. PP mutants E4K, Q19R and E23A were produced by sitedirected mutagenesis in order to probe for the importance of differently charged residues between PP and NPY/PYY at these positions. The dissociation constant for Q19R-bPP was only marginally reduced to 89 mM, whereas binding of E4K-bPP and E23A-bPP to N-Y4 was too weak to be detected by SPR. The data indicate that it is the additional negative charges in PP and their distribution along the sequence that may be important for its different binding affinities at the N-Y4.
In order to verify that electrostatic interactions between acidic residues of PP and basic residues in the N-Y4 are contributing to binding, the K13A, R20A and K22A mutants of the N-terminal domain of the Y4 receptor were synthesized and investigated by SPR. In all of these mutants binding to bPP was significantly reduced.
The measured values for the K D were 249 mM (R20A), 281mM (K22A) and for K13A binding was too weak to be detected by SPR. The combination of the mutagenesis studies performed on acidic residues of PP and basic residues of N-Y4
suggests that the binding affinity between the two is determined by electrostatic interactions to a large extent. In this work we have abstained from experiments in which residues in PP and N-Y4 were charged-reversed simultaneously because in those mutants electrostatics are likely to be perturbed in both molecules, and hence it is questionable whether activity could have been rescued.
Discussion
The The N-Y4 domain, in contrast to the N-terminal domains from all other receptor subtypes, contains a comparably large number of positively charged residues (K13, R20 and K22), which are also relatively close to each other in sequence. Their replacement by Ala as described above leads to significant losses in binding affinity.
To conclude taking the importance of acidic PP and basic N-Y4 residues into account we speculate that electrostatic interactions between PP and N-Y4 are crucial for this interaction. However, it must be emphasized that a priori it is not clear in our case whether residues from the N terminus are interacting with residues from the extracellular loops thereby modulating the effective charge experienced by the peptides. This question can only be addressed experimentally with confidence when structural studies of the full-length receptor in a functional state become available.
Unfortunately, not much pharmacological data is available for the entire Y4
receptor. In case of the human Y1 receptor an Asp residue at the interface between TM helix 6 and the third extracellular loop was proposed to contribute largely to binding NPY 45 
Conclusions
Based on the data described above, we speculate that the N-terminal domain of the Y4 receptor may help in transferring PP from the membrane-bound state into the receptor binding pocket (see Fig. 7 A scenario, in which N-Y4-bound PP would be transferred into the binding pocket by a translational movement of parts of the N-terminal domain is at least compatible with the experimental data. These indicate that the binding region for PP is located in its central segment, which at the same time is the only part of N-Y4 that is not making significant contacts with the membrane surface, and which also possesses sufficient internal flexibility to allow the necessary movements. We presently favor a view that describes the N-terminal domain as a large flexible loop, anchored onto the membrane at the amino terminus via the membrane-associated helix and at the C terminus via the first TM. This view is also supported by the recent crystal structures of the badrenergic receptor in which the N-terminal domain is so flexible that electron density in this part could not be traced. 6; 7 We have now initiated work on constructs that include parts of the TM bundle to see whether conformational preferences of N-Y4
are influenced by the remainder of the receptor.
Materials and Methods
Expression of the N-Y4 sequence as a soluble fusion to ubiquitin resulted in heterogeneous fragmentation. In order to prevent in-vivo processing the N-terminal domain was fused to the highly insoluble protein ketosteroidisomerase that is encoded in the commercial plasmid pET 31b, from which it was liberated by cleavage with the TEV protease in mild detergent.
Plasmid Construction, Expression and Purification of N-Y4
The cDNA of the Y4 receptor was obtained from the University of Missouri-Rolla 4611.1 Da).
Synthesis and Purification of the Neuropeptides and of Unlabelled Nterminal Fragments
15 N-labeled peptides from the NPY family were expressed as soluble fusions to
Ubiquitin. Ubiquitin was liberated from the neuropeptide using the yeast ubiquitin hydrolase, and C-terminal amidation was performed using the a-amidating peptidyl glycine amidase (PAM). We have used the protocols for expression, ubiquitin cleavage and C-terminal amidation many times before and described in them much detail elsewhere, e.g. in Bader et al. 
NMR Experiments
All samples of N-Y4 for structural studies were measured at 1mM concentration, 
Membrane-Association Topology Using Spin Labels
In the spin label studies 
Surface Plasmon Resonance (SPR) Studies
HBS buffer (10mM HEPES, pH 7.4, 150mM NaCl, 3.4mM EDTA, 0.005% P20) was used as the running buffer to achieve physiological pH. N-terminally biotinylated neuropeptides were immobilized onto the sensor chip SA (BiaCore, Sweden), which contains a streptavidin-coated surface, resulting in about 200 response units (RU) on a BIAcore 1000 instrument (BIAcore, Sweden). Different concentrations of N-Y4 spanning a range of 5 to 100µM were applied to the surface for 30 seconds at a flowrate of 20ml/min at 25°C. After each injection of analytes, the flow-cell was flushed with regeneration buffer (1M NaCl, 50mM NaOH) for 30 seconds. Since unspecific binding at concentrations higher than 100µM occurred, K D larger than 100µM could not be determined precisely. Nevertheless, trends in reduction of binding could still be computed from a limited set of data points, in which values at high concentrations were excluded from the analysis. All sensograms were analyzed with the BIA evaluation software using a two-state binding model.
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If we assume that biotin was coupled to the N terminus, the following expected y ions as listed The observed and expected y ions have been summarized in the table above. It is evident that the observed y ions, in particular y ions 13-16 correspond to those where biotin was coupled to the N terminus. In addition b1 ions 545.6 can be identified corresponding to biotinylated N terminus residue (MW of biotinilyated Alanine b ion=546.0). None of the fragments occurring only for Lys-biotinylated peptide was observed.
